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Abstract The role of the mitochondrial Hsp70 system in the 
prevention of heat-induced protein aggregation was studied in 
isolated mitochondria from Saccharomyces cerevisiae. Firefly 
luciferase was employed as a thermolabile tester protein. After 
shift to 40°C a transient increase of mt-Hsp70/luciferase complex 
was observed, which required functional Mdjlp and Mgelp, the 
mitochondrial homologues of DnaJ and GrpE. The kinetics of 
luciferase aggregation, however, were not influenced by muta- 
tions in either mt-Hsp70 or Mgelp. Only the absence of Mdjlp 
led to enhanced protein aggregation. Thus, a central role in the 
transient protection against heat stress is attributed to this mito- 
chondrial DnaJ homologue. 
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1. Introduction 
Many proteins undergo denaturation under physiological 
stress such as elevated temperature [1,2]. Various components 
and pathways exist which protect cells against heat stress by 
reducing protein aggregation and/or by promoting disaggrega- 
tion of aggregates. Furthermore there are mechanisms which 
facilitate ither protein refolding or proteolytic breakdown of 
irreversibly damaged proteins. These protective mechanisms 
are mediated by molecular chaperones [3 7]. 
Protein folding and prevention of protein aggregation has 
been extensively studied with purified components in vitro. In 
only a few cases these processes have been analyzed in intact 
cells. In Escherichia coli, the two major Hsps, DnaK and 
GroEL (the prokaryotic Hsp70 and Hsp60 homologues), have 
been demonstrated to be involved in the reactivation of heat 
denatured firefly luciferase [5]. The two cohort chaperones of 
DnaK, DnaJ and GrpE, are required to allow reactivation of 
thermally inactivated luciferase [5]. From in vitro studies it 
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became clear that DnaJ stimulates the ATPase activity of 
DnaK and targets DnaK to substrate proteins [8 10]. GrpE 
acts as a nucleotide xchange factor [10]. Yet little is known 
about the mechanisms by which Hsp70 and its cohorts fulfil 
their protective role in vivo during heat stress by reducing 
aggregation. 
Protection against heat-induced protein damage can be mon- 
itored in isolated mitochondria which constitute an organellar 
in vivo system. Mitochondria contain the major heat shock 
proteins, Hsp70 and Hsp60 (mt-Hsp70 and mt-Hsp60) (see [111 
for review). More recently the cohort chaperones of mt-Hsp70, 
mitochondrial DnaJ, (Mdjlp) and mitochondrial GrpE 
(Mgelp) have been identified and characterized [12 15]. Mt- 
Hsp70 and Mgelp have been recognized to constitute ssential 
components of the mitochondrial protein import machinery 
[14-17]. In contrast, Mdj lp does not play an indispensible role 
in protein import. Rather, the protein is involved in the folding 
of newly imported proteins in the mitochondrial matrix [12]. 
Both mt-Hsp70 and Mgelp participate in this process, and 
mutations in Mgelp result in enhanced protein aggregation 
[16,17]. A sequential action of mt-Hsp70 and mt-Hsp60 after 
import has been suggested: imported precursor proteins are 
passed from mt-Hsp70 to mt-Hsp60 with the latter mediating 
final folding steps [18,19]. Both mt-Hsp60 and Mdj lp confer 
limited protection against heat-induced protein denaturation as
matrix-located thermosensitive tester proteins are prone to un- 
folding when functional mt-Hsp60 or Mdj lp arc absent 
[4,12,18]. 
In this study we have analyzed heat-induced luciferase aggre- 
gation in mitochondria in which heat shock proteins were ab- 
sent or their functions were compromized by mutations. The 
results uggest that mt-Hsp70 together with Mdj 1 p and Mge 1 p 
is involved in the protection against heat-induced protein ag- 
gregation. However, only Mdj lp plays an essential role in this 
process. 
2. Materials and methods 
2.1. Yeast strains and isolation of mitochondria 
Saccharomyces cerevisiae strain W303 served as the wild-type control 
strain for the analysis of the Mgelp mutants, the Amdjl disruption 
strain and rho ° control cells. For description of the strain constructions 
see refercnces [12,17]. Isogenic wild-type for the mt-Hsp70 mutants was 
strain PK82 [20]. Strain construction of the mt-Hsp70 mutants is de- 
tailed in reference [16]. For isolation of mitochondria [22], strains were 
cultivated at 24°C in lactate medium as described [21] with the modifi- 
cation that 1% galactose was added to the medium instead of glucose. 
2.2. Determination of luc![erase aggregation 
35S-radiolabeled pSu9-1uciferase was synthesized in reticulocyte ly- 
sate and import into mitochondria was carried out as described [12]. 
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Luciferase was imported into 350 J~g mitochondria in 700 ¢tl import 
buffer containing an ATP-regenerating system for 25 min at 25°C. 
Import was stopped by the addition of 1/lg/ml valinomycin. Mitochon- 
dria were reisolated by centrifugation, washed in 800 pl SMKC1 (250 
mM sucrose, 10 mM MOPS/KOH pH 7.2, 80 mM KCI) and resus- 
pended in 350 ¢tl SMKC1. The mitochondria were then incubated for 
30 min on ice with 200/lg/ml proteinase K to remove non-imported 
luciferase. Proteinase K was inhibited by the addition of 1 mM PMSF 
and 15 min incubation on ice before mitochondria were collected by 
centrifugation. Mitochondria were resuspended in 350,ul import buffer 
containing an ATP-regenerating system and split into 40 ,ul aliquots. 
The aliquots were then transferred to 40°C. After various incubation 
periods at 40°C heat exposure was stopped by the addition of five 
volumes ice-cold SEM buffer (250 mM sucrose, l mM EDTA, 10 mM 
MOPS/KOH pH 7.2). The mitochondria were then collected by centrif- 
ugation and resuspended at a protein concentration of 0.5 mg/ml in 
SEM buffer containing 0.5% Triton X-100 and 1 mM PMSF and left 
for 10 min on ice. The soluble fraction was separated from the insoluble 
fraction by centrifugation at 16,000 x g for 10 min. Protein in the 
supernatant was precipitated by trichloroacetic a id before application 
to SDS-PAGE. The pellet was directly analyzed by SDS-PAGE. After 
fluorography the percentage of aggregated material was assessed by 
laser densitometry. 
2.3. Co-immunoprecipitation andimmunoblotting 
After shift of the mitochondria to 40°C aliquots corresponding to
130 pg mitochondrial protein were removed and lysed as described [17]. 
Co-immunoprecipitation f luciferase with antibodies against mr- 
Hsp70 coupled to protein A-Sepharose was carried out as described 
[17]. 
3. Results 
3.1. Association of luciferase with mt-Hsp70 at elevated 
temperature and role of Mgelp and Mdjlp 
Firefly luciferase was used as a thermolabi le tester protein to 
study the function of mt-Hsp70 and its co-chaperones in the 
prevention of heat- induced protein aggregation. Luciferase 
fused to the mitochondria l  presequence of subunit 9 of the 
Fo-ATPase from Neurospora crassa was synthesized in vitro in 
the presence of [35S]methionine and imported into isolated 
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Fig. 1. Firefly luciferase imported into wild-type mitochondria aggre- 
gates at 40°C. After import of radioactively labeled luciferase, mito- 
chondria were shifted to 40°C for the time intervals indicated (see 
section 2). The amount of aggregated luciferase was assessed as de- 
scribed in section 2. The amount of total imported species was set to 
100%. The aggregated material was plotted as the percentage Oftotal 
species present in the matrix. 
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Fig. 2. Transient association of mt-Hsp70 with luciferase at 40°C de- 
pends on the presence of functional Mgelp and Mdjlp. (A) Luciferase 
was imported into mitochondria from wild-type strain W303 and strain 
W303 harboring mutant Mge 1-2p [17]. Following shift to 40°C samples 
were withdrawn for subsequent co-immunoprecipitation. Co-im- 
munoprecipitated luciferase was determined as percentage of total sol- 
uble luciferase for the various time points. The percentage of co-im- 
munoprecipiated luciferase at time point zero of the heat exposure 
(before shift to 40°C) was set to 1. (B) Luciferase was imported into 
mitochondria from the Amdjl strain and those from the isogenic rho ° 
control cells. Co-immunoprecipitations a dcorrections were carried 
out as described above for panel A. 
mitochondr ia at 25°C. After import and proteinase K digestion 
of non- imported material, mitochondr ia were either shifted to 
40°C for different ime periods or maintained at 25°C. Lucif- 
erase aggregated when wild-type mitochondr ia were shifted to 
40°C. No aggregation was observed when the mitochondr ia 
were kept at 25°C (Fig. 1). The data demonstrate that firefly 
luciferase imported into mitochondr ia is prone to rapid, heat- 
induced aggregation. 
Association of mt-Hsp70 with luciferase was studied by co- 
immunoprecipitat ion with antibodies against mt-Hsp70. A cer- 
tain amount  of complex (8-10% of total) was present at zero 
time probably because not all of the polypeptides had been 
released from mt-Hsp70 after import. Mitochondr ia  were then 
incubated at 40°C for different ime periods. With mitochon- 
dria from wild-type a transient increase of mt-Hsp70/luciferase 
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Fig. 3. Mutations in mt-Hsp70 and Mgelp do not affect he kinetics 
of luciferase aggregation. (A) Mitochondria with mutations in mt- 
Hsp70 (sscl-2 and sscl-3) and mitochondria from the isogenic wild- 
type. The amount of aggregated material was plotted as the percentage 
of total species present in the matrix (see legend to Fig. 1). (B) Mito- 
chondria with mutations in Mgelp and the corresponding wild-type 
mitochondria. 
complex was detected early after shift to elevated temperature 
(Fig. 2A). The mt-Hsp70-associated material then decreased 
with time. This decline probably reflects substrate molecules 
which were released from mt-Hsp70 and were unable to reasso- 
ciate with mt-Hsp70, since they had already undergone aggre- 
gation. Association of luciferase with mt-Hsp70 was also inves- 
tigated with mitochondria containing a temperature-sensitive 
mutant form of Mgelp, Mgel-2p [17]. In this case transient 
increase of mt-hsp70/luciferase complex was not observed, 
rather a decrease after shift to 40°C was detected (Fig. 2A), 
This decrease is apparently due to a release of newly imported 
polypeptides which were still associated with mt-Hsp70 while 
being translocated into the matrix. Since the mutant phenotype 
of Mgel-2p is induced at 40°C [17] we conclude that Mgelp 
function is required for transient association of luciferase with 
mt-Hsp70. 
Association of mt-Hsp70 with luciferase was investigated in
mitochondria n which Mdjlp was absent due to disruption of 
the MDJ1 gene. Disruption of MDJ1 leads to the loss of mito- 
chondrial DNA, i.e. a rho ° state of the cells [12]. To exclude 
secondary effects resulting from the rho ° state in Amdjl mito- 
chondria, association of luciferase with mt-Hsp70 was also 
analyzed in mitochondria from the isogenic rho ° strain possess- 
ing Mdjlp. The amount of mt-Hsp70/luciferase complex rap- 
idly decreased inmitochondria from the Amdjl strain after shift 
to 40°C (Fig. 2B). In contrast, a transient increase of the com- 
plex was observed in mitochondria from the isogenic rho °, as 
in wild-type mitochondria (compare with Fig. 2A). 
Taken together, the results demonstrate that at elevated tem- 
perature mt-Hsp70 transiently associates with a thermolabile 
substrate protein in the mitochondrial matrix. This transient 
association appears to strictly require both functional Mdjlp 
and Mgelp. 
3.2. Aggregation of  firefly luciferase in mitochondria with 
mutant mt-Hsp70 and Mgelp 
Luciferase aggregation was monitored in mitochondria con- 
taining conditional mutant forms of either mt-Hsp70 (Ssclp) 
or Mge 1 p, and in mitochondria l cking Mdj 1 p. Ssc 1-2p carries 
a mutation in the substrate binding domain leading to pro- 
longed association with substrate proteins [20]. Sscl-3p, har- 
bors a mutation which affects the ATPase activity which affects 
the capacity of the mutant protein to interact with substrate 
protein [20,23]. Luciferase was imported into wild-type and 
mutant mitochondria t 25°C. After import, mitochondria 
were shifted to 40°C, a temperature which leads to the induc- 
tion of the mutant phenotype insscl-2 and sscl-3 mitochondria 
and aggregation of luciferase (see Fig. 1). No significant differ- 
ence of the aggregation kinetics was observed when wild-type 
and mutant mitochondria were compared (Fig. 3A). This ob- 
servation was unexpected since altered kinetics of luciferase 
aggregation were anticipated insscl-3 and sscl-2 mitochondria 
as both mutations had been demonstrated before to lead to 
inreased association of unfolded proteins with the mt-Hsp70 
[20,23]. Taken together the results uggest that either mt-Hsp70 
is either dispensible for the transient prevention ofheat-induced 
protein aggregation or that the specific mutant alleles studied 
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Fig. 4. Kinetics ofluciferase aggregation are enhanced inmitochondria 
from the Amdjl strain. Aggregation kinetics of luciferase was followed 
in mitochondria from the Amdjl strain, the isogenic rho ° and the wild- 
type strains as described above for Fig. 3A. 
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here do not affect the capability of mt-Hsp70 to contribute to 
luciferase solubility under denaturing conditions. 
In order to distinguish between these two possibilities, lucif- 
erase aggregation was investigated in mitochondria with tem- 
perature-sensitive mutant forms of Mgelp, Mgel-2p and 
Mgel-3p. Mutations in Mgelp have been demonstrated to re- 
duce the capability of mt-Hsp70 to interact with substrate pro- 
teins during import [17]. In case mt-Hsp70 is needed for protec- 
tion against hermal denaturation by associating with denatur- 
ing proteins this process hould rely on the presence of func- 
tional Mgelp. With both, mutant and wild-type mitochondria 
no difference in luciferase solibility was detected (Fig. 3B). 
These data suggest that functional mt-Hsp70 is not essential for 
transient protection against heat-induced protein aggregation. 
3.3. Role of Mdjlp in preventing heat-induced aggregation of 
luciferase 
Aggregation of luciferase was monitored in mitochondria 
from the Amdjl strain. For control, aggregation kinetics were 
analyzed also in mitochondria from the isogenic wild-type 
strain and the isogenic rho ° strain. Luciferase underwent a
much more rapid aggregation i Amdjl mitochondria s com- 
pared to the control mitochondria (Fig. 4). From these observa- 
tions it is evident hat Mdj 1 p plays a central role in the mainte- 
nance of the soluble state during heat stress. 
4. Discussion 
After shift to elevated temperature, transient increase of the 
complex mt-hsp701luciferase was observed. The association of 
luciferase with mt-Hsp70 required the presence of both func- 
tional Mgelp and Mdjlp. These findings can be explained in 
the light of previous tudies on the function of bacterial DnaK, 
DnaJ and GrpE proteins: elevated temperature induces partial 
unfolding of the thermolabile protein which thereby becomes 
a substrate for mt-Hsp70. Mgelp acts very likely in an analo- 
gous manner to its prokaryotic homologue, GrpE, and medi- 
ates exchange of nucleotides bound to mt-Hsp70. Consequently 
one function of Mgelp would be to recycle mt-Hsp70 to the 
ATP-bound form which is competent to bind unfolded sub- 
strate [17]. Lack of functional Mgelp then leads to insufficient 
recycling of mt-Hsp70. We have recently shown that mutations 
in Mgelp strongly reduce the binding of mt-Hsp70 to translo- 
eating polypeptide chains on their passage into the mitochon- 
drial matrix [17]. Similar to its role in import, at elevated tem- 
perature, Mgelp apparently regenerates the ATP-form of mt- 
Hsp70 which is competent to bind to unfolded substrate pro- 
teins. 
In addition to Mgelp, Mdj lp is needed for the transient 
increase of the mt-Hsp701luciferase complex under denaturing 
conditions. Mdj 1 p appears to facilitate binding of mt-Hsp70 to 
substrate proteins. Mdj lp may do so by exerting a targeting 
function for mt-Hsp70 and by promoting hydrolysis of ATP 
bound to mt-Hsp70 that is associated with substrate proteins, 
similar to what has been proposed for the bacterial homologue 
[8,9]. Upon ATP hydrolysis, mt-Hsp70 would undergo a transi- 
tion to the high affinity state to bound substrate. In this way, 
Mdj lp may contribute to the formation of a more stable com- 
plex of mt-Hsp70 with unfolded substrate protein. 
In view of such a behaviour of mt-Hsp70 in the binding to 
unfolded substrate it was unexpected that the loss of solubility 
was not accelerated in mitochondria harboring defective forms 
of mt-Hsp70 or Mge 1 p. These observations suggest that neither 
functional mt-Hsp70 nor Mgelp are essential for transient pre- 
vention of heat-induced aggregation of luciferase. This conclu- 
sion is in agreement with the observation that the kinetics of 
luciferase aggregation were not affected by the intramitochon- 
drial ATP level (unpublished observations). 
In contrast, Mdj lp plays a central role in the transient pre- 
vention of heat-induced aggregation of luciferase. It appears 
that Mdj lp without the aid of mt-Hsp70 and Mgelp can pre- 
vent aggregation. Interestingly, DnaJ from E. coli was reported 
to be able to maintain the soluble state of luciferase in vitro [5]. 
Taken together, our data provide insight into the mecha- 
nisms by which mt-Hsp70 and its cohort chaperones stabilize 
matrix-located proteins against heat-induced aggregation: with 
the help of its cohort chaperones, mt-Hsp70 binds to unfolded 
luciferase and either confers transient stabilization or initiates 
refolding. Yet binding to mt-Hsp70 is not mandatory for tran- 
sient maintenance of solubility at least in case of luciferase. The 
major player in this case appears to be Mdjlp. mt-Hsp70 can- 
not substitute for Mdj lp in this function. This is to our knowl- 
edge the first in vivo evidence that a DnaJ protein can act as 
a chaperone by itself. The independence of Mdj lp from mt- 
Hsp70/Mgelp in its protective function against aggregation 
may be due to a certain substrate specificity displayed by 
Mdj lp. Other substrate proteins may require other components 
besides Mdj lp for being protected against aggregation. It will 
be interesting to find out which determinants of a given sub- 
strate protein are responsible for the interaction with chaper- 
ones. 
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